We investigate the effects of the accretion of phantom energy with non-zero bulk viscosity onto a Schwarzschild black hole and show that black holes accreting viscous phantom energy will increase mass rapidly compared to the non-viscous case. If the phantom energy has large bulk viscosity, then the mass of black hole will increase faster compared to small viscosity case.
Introduction
Observations of WMAP [1] , analysis of cosmic microwave background [2, 3] and supernova of type la data [4] have shown that our universe is filled with an exotic form of energy apart from Dark matter. The nature and composition of this energy is still an open problem but its dynamics is well understood i.e it causes an approximately exponential expansion of the universe. Astrophysical data suggest that about two thirds of the critical energy density is stored in the dark energy component. The corresponding equation of state (EoS) parameter ω is now constrained to be in the range −1.38 < ω < −0.82 [5] . This shows that the EoS of cosmic fluids is not exactly determined. The lower limit on ω points towards the existence of phantom energy (PE). It violates all the energy conditions in all forms (weak, null, strong or dominant). The phantom energy, if it exists, can cause some peculiar phenomena e.g. the existence of wormholes [6, 7] , infinite expansion of the universe in a finite time causing a Big Rip (BR) and the destruction of all gravitationally bound structures including black holes [8, 9, 10, 11] . In particular, black holes will continuously lose mass at a steady rate and disappear near the BR (see [12, 13] for the opposite viewpoint). In addition, the accretion of phantom energy onto a Reissner-Nordstrom black hole [14] , Schwarzschild de Sitter black hole [15] and Kerr-Newman black hole [16, 17] has been investigated in the literature.
More specifically, PE violates the strong energy condition (ρ + 3p ≥ 0) which in fact also represents, as a special case, the equation of state for a perfect fluid ρ = −3p, consequently lead us to a hypothesis to consider phantom energy as an imperfect fluid implying that the phantom fluid could contain non zero bulk and shear viscosities [18] . The bulk viscosities are negligible for non-relativistic and ultra-relativistic fluids but are significant for the intermediate cases. In viscous cosmology, shear viscosities arise in relation to space anisotropy while the bulk viscosity accounts for the space isotropy [19, 20] . Generally, shear viscosities are ignored (as the CMBR does not indicate significant anisotropies) and only bulk viscosities are taken into account for the fluids in the cosmological context. Moreover, bulk viscosity related to a grand unified theory phase transition may lead to explanation of the accelerated cosmic expansion [21] .
E. Babichev et al [9] studied the effects of the accretion of phantom energy onto a Schwarzschild black hole taking PE to be a perfect fluid. As a first approximation, the viscosity can be ignored, but to get a better picture we need to incorporate it to the phantom fluid. We have adopted the procedure of [9, 22] for our calculations. We here propose that the fate of black hole can be different where a black hole can overwhelm the whole universe due to accretion of imperfect phantom energy. The corresponding scenario is usually termed as 'big trip'.
The plan of the paper is as follows: in the next section, we give a review of the Eckart theory of viscous fluids; in the third section, we give an outline of the relativistic model of accretion onto a black hole; in the subsequent section, we utilize results from Eckart theory for the accretion model; next we give two examples to illustrate the accretion process with a constant and power law viscosity. Finally we conclude with a brief discussion of our results.
Eckart theory
Eckart theory [23] effectively deals with viscous fluid flows. The bulk viscous pressure is described by p visc = −ξu µ ;µ , where u µ is the velocity four vector and ξ = ξ(ρ, t) is the bulk viscosity of the fluid. We assume the background spacetime to be homogeneous, isotropic and spatially flat (k = 0) and described by the Friedmann-Robertson-Walker (FRW) metric given by
where a(t) is the scale factor. We also assume that the spacetime is filled with only one component fluid i.e. the viscous phantom energy of energy density ρ. The Einstein field equations for the FRW-metric (in the units c = 1 = 8πG) are
where H is the Hubble parameter, p ef f is the effective pressure containing the isotropic pressure and the bulk viscous pressure given by
Here −p visc = ξ(ρ)u µ ;µ < 0 which shows that negative pressure due to viscosity contributed in the effective pressure. In the FRW model, the expression u µ ;µ = 3ȧ/a holds. Also, ξ is generally taken to be positive in order to avoid the violation of second law of thermodynamics [24] .
The energy conservation equation iṡ
Assume that the viscous fluid equation of state (EoS) is
Note that if γ = 0 (or ω = −1), Eq. (6) represents the EoS for usual dark energy. Furthermore if γ < 0, it represents phantom energy. In general, for normal matter 0 ≤ γ ≤ 2.
Using Eqs. (2) - (6), we get the equation governing the evolution of H(t) for a given ξ as
On integration Eq. (7) gives
where C is a constant of integration. Note that Eq. (8) can further be solved to get the evolution of a(t) as
where D is a constant of integration. Thus for a given value of ξ we have obtained expressions of a(t), ρ(t) and p(t) from the system of Eqs. (5) -(9).
Accretion onto black hole
We consider a gravitationally isolated Schwarzschild black hole (BH) of mass M whose metric is specified by the line element:
The background spacetime is assumed to contain one fluid only, namely the phantom energy with non-vanishing bulk viscous stress p visc . The fluid is assumed to fall onto the BH horizon in the radial direction only which is in conformity with the spherical symmetry of the BH. Thus, the velocity four vector of the phantom fluid is u µ = (u t (r), u r (r), 0, 0) which satisfies the normalization condition u µ u µ = 1. This phantom fluid is specified by the stress energy tensor for a viscous fluid [18, 24] :
Using the energy momentum conservation for T µν , we get
where u r = u = dr/ds is the radial component of the velocity four vector and C 1 is a constant of integration. The second constant of motion is obtained by contracting the velocity four vector of the phantom fluid with the energy conservation equation, u µ T µν ;ν = 0 gives
where A is a constant of integration. Also ρ h and ρ ∞ is the density of the phantom fluid at the horizon of the BH, and at infinity respectively. From Eqs. (12) and (13), we have
here
. In order to calculate the rate of change of mass of BHṀ , we integrate the flux of the bulk viscous phantom fluid over the entire BH horizon to geṫ
Here T r t determines the energy momentum flux in the radial direction only and dS = √ −gdθdϕ is the infinitesimal surface element of the BH horizon. Using Eqs. (12) - (15), we obtain
which clearly demonstrates the vanishing mass of the black hole if ρ + p ef f < 0. Integration of Eq. (16) leads to
where M o is the initial mass of the black hole and modified characteristic accretion time scale
Here a o is the value of the scale factor at time t o . Another interesting possibility arises when the viscous pressure becomes sufficiently larger than the isotropic pressure i.e. p visc ≫ p or more specifically 0 > ρ + p ≪ p visc since (−p visc < 0 hence p visc > 0). It has been shown that p visc < 0 in the early cosmic epoch while p visc > 0 holds at later stages of cosmic evolution [25] . In this later case, Eq. (16) will represent the case of increasing mass of BH. In the coming section, we will be particularly explore this physically interesting case. The parameter τ is now termed as the big trip time.
Accretion of viscous phantom fluid
We now study the BH mass evolution in two special cases: (a) the constant viscosity; and (b) the power law viscosity.
Constant bulk viscosity
For constant viscosity ξ = ξ o , the evolution of a(t) is determined by using Eq. (9) . It gives
where
Using Eqs. (5), (6) and (8), the density evolution is given by
Here ρ o = 3H 2 o . Further, for γ < 0 the density ρ will diverge in a finite time at
which is obtained by equating the denominator of Eq. (20) to zero i.e. ρ → ∞ as t → τ . Finally, the BH mass evolution is determined by solving Eq. (16) and (20) to get
Note that when γ < 0, it yields M to increase indefinitely. Thus the accretion of imperfect fluid with constant viscosity onto a black hole produces a scenario where the black hole may eventually engulf the whole universe. This scenario also occurs for the accretion of phantom energy (as a perfect fluid) on a non-static spherically symmetric spacetime [27] .
Power law viscosity
If the viscosity has power law dependence upon density i.e. ξ = αρ s , where α and s are constant parameters, it has been shown [28, 29] that it yields cosmologies with a BR if √ 3α > γ and s = 1/2. Thus we take ξ = αρ 1 2 as a special case. Then the scale factor evolves as
The density of phantom fluid evolves as
or in terms of critical density ρ cr as
The energy density ρ will diverge at
Finally, the mass evolution of BH is determined by using Eq. (16) and (25), we get
Again we observe that γ < 0 yields the mass of BH to increase. Note that this result holds only when viscosity parameter α is sufficiently larger than γ. Otherwise, for a small α or α = 0 in the above model mimics the relation for a black hole accreting perfect fluid-like phantom energy and losing mass consequently [9] . Again for clarity, we stress that this result holds for the imperfect fluid accretion onto BH. A similar picture is presented by Gao et al [30] , where they have incorporated the heat fluxes to support the accretion of imperfect fluid.
Conclusion and discussion
We have analyzed the accretion of bulk viscous phantom energy onto a static, spherically symmetric Schwarzschild BH. The modeling is based on the relativistic model of accretion for compact objects. The motivation to introduce bulk viscosity in cosmology is to give an alternative explanation to cosmic accelerated expansion besides cosmological constant and quintessence. A universe containing PE coupled with bulk viscous stresses yields a BR singularity yielding a cosmic catastrophe. The evolution of BHs in such a universe accreting viscous phantom energy would result in a gradual increase in mass of the black hole. This model assumes the viscous stresses are sufficiently large to cause the fluid behavior turned into imperfect. If viscous stresses are negligible or deliberately ignored, then such a model will manifest the opposite scenario where masses of BH decrease, as earlier proposed in [9] .
From this analysis, we can draw the conclusion that PE containing viscous stresses can play a significant role in the BH mass evolution if the viscosity is sufficiently high for an appropriate EoS. Though the viscous stresses are negligibly small at the local scale of space and time they can play a crucial role in time scale of ∼ Gyrs. The higher the viscosity of the phantom fluid, the sharper the increase in the BH mass. It is, therefore, can be said that BHs of all masses, ranging from the solar mass to the intermediate mass to the supermassive, will all meet the same fate. Consequently, BHs will save the universe from a big rip but will lead to an otherwise big trip.
Finally, we think that the analysis performed in this paper can be extended to cover more interesting cases. For instance, the bulk viscosity can be introduced in the model as a function of several other cosmological parameters like time, Hubble parameter and its derivatives [31] rather than pure density dependence as we have discussed above. Also one can investigate the behavior of the model by introducing the anisotropies in the pressure distribution [32] . We would like to present these investigations later.
